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Abstract 
This paper deals with the vitiation effects of test air on the scramjet performance in the ground combustion heated facilities. 
The primary goal is to evaluate the effects of H2O and CO2, the two major vitiated species generated by combustion heater, on 
hydrogen-fueled supersonic combustor performance with experimental and numerical approaches. The comparative experiments 
in the clean air and vitiated air are conducted by using the resistance heated direct-connected facility, with the typical Mach 4 
flight conditions simulated. The H2O and CO2 species with accurately controlled contents are added to the high enthalpy clean 
air from resistance heater, to synthesize the vitiated air of a combustion-type heater. Typically, the contents of H2O species can 
be varied within the range of 3.5%-30% by mole, and 3.0%-10% for CO2 species. The total temperature, total pressure, Mach 
number and O2 mole fraction at the combustor entrance are well-matched between the clean air and vitiated air. The combustion 
experiments are completed at the fuel equivalence ratios of 0.53 and 0.42 respectively. Furthermore, three-dimensional (3D) 
reacting flow simulations of combustor flowpath are performed to provide insight into flow field structures and combustion 
chemistry details that cannot resolved by experimental instruments available. Finally, the experimental data, combined with 
computational results, are employed to analyze the effects of H2O and CO2 vitiated air on supersonic combustion characteristics 
and performance. It is concluded that H2O and CO2 contaminants can significantly inhibit the combustion induced pressure rise 
measured from combustor wall, and the pressure profile decreases with the increasing H2O and CO2 contents in nonlinear trend; 
simulation results agree well with experimental data and the overall vitiation effects are captured; direct extrapolation of the 
results from vitiated air to predict the performance of actual flight conditions could result in over-fueling the combustor, possible 
inlet un-start and inappropriate combustion mode transition. The detailed analysis and discussion are presented and the research 
conclusions are summarized. 
Keywords: scramjet; hydrogen; supersonic combustion; vitiation effects; experimental investigation; numerical simulation 
1. Introduction1 
The development of scramjet technologies is crucial 
for future hypersonic missions, which has attracted 
significant interest in aerospace community for many 
years. The development of scramjet propulsion system 
relies heavily on detailed understanding of the complex 
flow physics present in different regions of the system 
over a wide range of operating conditions. Thus, 
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ground experiment for screening and validation of en-
gine concepts at given flight condition simulation is the 
most important and fundamental approach for scramjet 
design and development. The ground experimental data 
will also be used to validate computational fluid dy-
namics (CFD) methods for extending the simulation of 
full flight envelops. 
To properly duplicate the flow conditions of scram-
jet powered flight, the test air with properties repre-
sentative of those at flight conditions is indispensable 
for the ground facilities. Especially for the total tem-
perature simulation, it is necessary to heat up the test 
air to a high enthalpy level. To date, there are several 
methods used for air heating in the ground test facili-Open access under CC BY-NC-ND license.
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ties [1], such as combustion heating, arc heating, 
shock-tube heating, resistance heating, storage heating, 
etc. But the combustion heating is the most popular 
technique for laboratory studies of supersonic combus-
tion and scramjet technology, due to the advantages of 
high heating capacity, low cost, easy and efficient op-
eration [2]. For the combustion-type heater, the high 
enthalpy test gas is generated by burning hydrogen or 
hydrocarbon in oxygen-enriched air, and the oxygen 
content is controlled to match that of normal air. How-
ever, significant fractions of H2O or H2O+CO2 species 
are generated as by-products, and some non-equilibrium 
radicals such as H, O, OH, CxHy and NOx are also pro-
duced. Therefore, the compositions of combustion pre-
heating air are quite different from the normal air, re-
sulting in vitiated air relative to clean air. The content 
of vitiated species mainly depends on the fuel type 
used (either hydrogen or hydrocarbon) and the total 
temperature required. For example, when hydrogen 
combustion heating is used for Mach 6 simulation, the 
test air will typically contain 18% H2O by mole and up 
to 30% for Mach 8 simulation, while hydrocarbon 
combustion heating could result in CO2 species addi-
tionally. Simulation at flight Mach 6 using methane 
combustion heating, for example, results in major spe-
cies of approximately 12% H2O and 6% CO2 by mole. 
Thus, when a combustion-type heater is employed, the 
vitiation effects associated with the significant compo-
sition change should be carefully evaluated, especially 
for combustor component studies. 
Beginning from the first report by Edelman, et al. [3] 
in 1969, various studies, including experimental and 
numerical, were conducted to explore the vitiated air 
effects upon the supersonic combustion characteristics 
and scramjet performance [4-13], especially for hydrogen 
fuel aiming at hypersonic propulsive system applica-
tion. In general, the vitiated air effects can be summa-
rized in twofold: 
1) The chemical effectssuch as H2O, CO2, H, O, OH, 
NOx, even in low concentration, change the ignition 
delay, reaction time and combustion kinetics, espe-
cially in static temperature range of 600-1 000 K. 
2)The physical effects: thermodynamics and flow 
characteristic are changed due to the composition 
change. The large concentrations of H2O and CO2 in 
the vitiated air will affect the bulk thermodynamic 
properties such as specific heat and mean molecular 
weight. 
As many studies reveal, the chemical/physical ef-
fects are significant and very intricate, thus the ex-
perimental results in such vitiated air must be properly 
analyzed and corrected before they are used to interpret 
the actual flight performance. The vitiation effect cor-
rection for practical applications strongly depends on 
the understanding of how the scramjet performance 
tested in vitiated air relates to that would be in normal 
clean air. 
The research reported herein mainly focuses on 
evaluating the vitiation effects of H2O and CO2 species 
on the hydrogen-fueled supersonic combustion in a set 
of well-controlled experiments, combined with nu-
merical modeling. The comparative experiments be-
tween clean and vitiated air under well-matched com-
bustor entrance conditions are conducted by using the 
resistance heating direct-connected facility, with the 
simulation conducted at flight Mach 4. Furthermore, a 
three-dimensional (3D) reacting flow simulation of 
combustor flowpath is performed to aid experimental 
analysis, and the flow field structures and combustion 
chemistry details are obtained to understand the 
mechanism of vitiation effects. In the following sec-
tions, the experiment facility and details, the numerical 
methodology as well as the results discussion and con-
clusions will be presented. 
2. Experimental Facility and Details 
2.1. Direct-connected experimental facility 
The experiment efforts presented herein are con-
ducted using the direct-connected supersonic combus-
tion facility of Northwestern Polytechnical University 
(NWPU), which is designed to continuously provide a 
high enthalpy, dry and clean air flow generated by an 
electric resistance heater [14]. Typically, the total tem-
perature Tt simulated ranges between 500 K and 1 000 
K, and the corresponding air mass flow rate is reached 
in a range of 2.0-0.5 kg/s, respectively. The total pres-
sure pt can be regulated between 0.5-4.0 MPa. The 
facility is applicable to simulation at full flight Mach 
4.5, corresponding to the low end of the hypersonic 
flight regime. Figure 1 shows a photograph of the fa-
cility, with airflow from the right to the left. 
Based on the resistance heating direct-connected fa-
cility available at NWPU, experimental apparatus is 
newly constructed for comparative studies of super-
sonic combustion in the clean and vitiated air respec-
tively. In this paper, the investigation of vitiation ef-
fects is mainly focused on H2O and CO2 species, the 
two major contaminants from combustion heater. Thus, 
in order to synthesize the vitiated air, additions of H2O 
steam (about 700 K generated by a tube heater)and 
CO2 contaminants are required, and O2 replenishment 
is necessary to maintain the mole fraction of 21%. Fig-
ure 2 shows the comparative experimental system 
sketch with species addition subsystem. H2O, CO2 and 
O2 species are added to the clean air from resistance 
heater, and a well-designed mixer is installed before 
the facility nozzle to ensure the complete mixing of the 
additives and the high temperature clean air. The flow 
rate of additives can be controlled by supplying pres-
sure regulation of a given sonic nozzle. By varying the 
content of vitiated species, the H2O/CO2 vitiated air 
could be synthesized to duplicate the combustion pre-
heating air at a given condition simulation. 
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Fig. 1  Direct-connected supersonic combustion facility of NWPU. 
 
Fig. 2  Comparative experimental system with H2O/CO2 addition. 
2.2. Supersonic combustor model 
During the experiment runs, a scramjet combustor 
model is directly connected to the facility nozzle of 
nominal Mach 2, the so-called direct-connected ex-
periment. Figure 3 shows the 3D geometry configura-
tion of supersonic combustor model. The model is 
composed of isolator and combustor section. A con-
stant isolator of 180 mm is inserted to mitigate com-
bustor-facility interaction and prevent the combustion 
induced pressure rise from propagating upstream into 
the nozzle. There is a rearward-facing step on the up-
wall of the chamber, and a constant cross-section is 
attached downstream 60 mm. Then the upwall begins to 
diverge in the angle of 2qto combustor exit. It is worth 
noting that the width is kept constant throughout the 
whole combustor length of 770 mm. 
 
Fig. 3  Geometry configuration of supersonic combustor model. 
An integrated injector/flameholder cavity is installed 
on the combustor downwall. The hydrogen is injected 
perpendicularly at sonic conditions from a line of cir-
cular orifices at upstream of the cavity(as the injector 
seen in Fig. 3). A high energy spark plug is located at 
the bottom of cavity to ignite hydrogen fuel. 
 
2.3. Definitions of matched flow conditions 
Attempts to examine vitiation effects by comparing 
test data between clean air and vitiated air invariably 
run into the problem of selecting a proper basis for 
comparison. Thus, it is necessary to establish a set of 
consistent parameter definitions for comparative inves-
tigation. The composition change will result in inher-
ent or inevitable difference in the flow conditions, so 
matching all flow parameters is quite impossible. 
Therefore, selection of the most appropriate ther-
modynamic parameters to be matched is required for 
identifying the net effects of vitiated air, while the 
others are relaxed to some extent. For the studies 
here, special attention is paid to match the combustor 
entrance conditions between clean air and H2O/CO2 
vitiated air flow. The matched parameters are de-
fined as follows: total temperature Tt, total pressure 
pt, Mach number Ma and 21% O2 mole fraction. 
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3. Numerical Methodology 
In order to aid the analysis of experimental results 
and get more detailed insight into the mechanism of 
vitiation effects, the reacting flow simulation of full 
combustor flowpath is performed. 
3.1. Computational grid 
The program Gambit is used to generate the compu-
tational grids, and the 3D structured grids with hexa-
hedral are created in this study, as seen in Fig. 4. The 
grids in the complex flow regions such as fuel injection, 
shock-boundary layer interactions and boundary layer 
separation are carefully refined. The resulting grids had 
a nominal y+ of below 5, which was deemed sufficient 
to model wall boundary layer effects in numerical 
simulations. The final mesh for computations contains 
about 730 000 structural cells, which is automatically 
partitioned for parallel processing. 
 
Fig. 4  3D structured computational grids. 
3.2. Numerical techniques 
In this study, the computations are performed using 
the commercial CFD softwareüFLUENT, with 3D 
Reynolds-averaged conservation equations solved by a 
cell-center finite volume method, which is appropriate 
for calorically perfect gas or an arbitrary mixture of 
thermally perfect gases undergoing non-equilibrium 
chemical reactions. The viscous fluxes are computed 
using a central difference scheme based on Gaussian 
formula, and the convective fluxes are computed using 
advection upstream splitting method (AUSM). Turbu-
lence-chemistry modeling is one of the most important 
aspects in the simulation of reacting flows, realizable 
k-İ turbulence model with standard wall functions is 
employed here and the 7-species/8-step modified 
Evan/Schexnayder finite rate mechanism [15] is used for 
hydrogen-air supersonic combustion simulation. 
No-slip and adiabatic wall boundary conditions are 
assumed. Uniform inflow boundaries are specified for 
both the free stream and fuel jets with total/static pres-
sure, total temperature and compositions. For the su-
personic outflow boundary, non-reflective boundary 
conditions are used where the boundary values are 
found by linear extrapolation from the interior points. 
4. Results and Discussion 
4.1. Experimental results and discussion 
For the comparative experiments, the stagnation 
condition at combustor entrance is fixed at 800 K and 
760 kPa, and the air mass flow rate is about 0.75 kg/s, 
typically simulating the flight Mach 4 conditions. The 
experimental investigations of H2O/CO2 vitiated air 
effects on hydrogen-fueled combustion are conducted 
under well-matched inflow conditions with clean air. 
The fuel equivalence ratio (ER) is also a matched pa-
rameter for every test, with ER being 0.53 and 0.42. 
The mole fractions of H2O and CO2 in the vitiated air 
to be experimentally examined here are evaluated from 
chemical equilibrium calculation of typical combustion 
heaters. The mole fractions of H2O selected to examine 
are as follows: 7.5%(approximately resulting from 
Mach 4 simulation by hydrogen combustion heater, or 
Mach 5 simulation by methane or alcohol combustion 
heater), 18.5%(approximately resulting from Mach 6 
simulation by hydrogen combustion heater, or Mach 7 
simulation by methane or alcohol combustion heater)
and 26.0%(approximately resulting from Mach 7 
simulation by hydrogen combustion heater). The mole 
fractions of CO2 selected to be examined are as follows: 
3.5%(approximately resulting from Mach 4 simula-
tion by methane or alcohol combustion heater)and 
7.5% (approximately resulting from Mach 5 simulation 
by methane or alcohol combustion heater). However, 
the percentages of contaminants are possibly of a little 
difference from the expected values, due to the accu-
racy of actual operation. The visible sustainable jet 
flame from combustor exit is monitored to judge the 
successful ignition and self-sustainable combustion; 
and the pressure along combustor wall center-line is 
measured to characterize the combustion performance 
in the clean and vitiated air. 
Figure 5 shows the measured non-dimensional com-
bustor wall pressure pw/pt (where pw is the wall pres-
sure) distributions in clean air and H2O vitiated air, 
whenER=0.53. In this paper, the lengthwise location 
is non-dimensionalized by combustor length L. It is 
noted here that, the first and third pressure taps are 
located at the isolator entrance and exit respectively. As 
can be seen from the measured wall pressure, the H2O 
vitiated air effects on the combustion process are sig-
nificant. When ER=0.53, the combustion induced 
pressure rise in the clean air has been propagated se-
verely upstream to isolator entrance, while it is not 
present in the H2O vitiated air. The findings indicate 
that, direct extrapolation of the results from vitiated air 
to predict actual flight performance could result in 
over-fueling the combustor and possible inlet un-start. 
As the H2O content in the vitiated air increases, the 
combustion induced pressure rise is decreased, and the 
combustor pressure profiles tend to be close towards 
outlet. For the pressure ascending segment on the up-
wall (x/L<0.35), the combustion pressure rises in viti-
ated air with 7.6%H2O, 16.6%H2O and 25.2%H2O 
are decreased by 9%-11%, 27%-29% and 32%-34% 
respectively, relative to that in clean air. The quantita-
tive results of pressure drop suggest the non-linear ef-
fects of H2O contaminant on hydrogen combustion 
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characteristics. 
 
Fig. 5  Measured non-dimensional combustor wall pressure 
distributions in clean air and H2O vitiated air  (ER= 
0.53) 
Figure 6 shows the measured non-dimensional com-
bustor wall pressure distributions in clean and 
H2O/CO2 vitiated air, whenER=0.42. As seen from the 
pressure profiles, the isolator entrance is free of dis-
turbance from the combustion processes in all the test 
runs; however, addition of H2O and CO2 vitiates result 
in obvious decrease of combustion induced pressure 
rise. Compared to the clean air, the isolator exit pres-
sure is decreased in the vitiated air, which indicates 
that the Mach number at isolator exit tends to be higher. 
For the pressure ascending segment on the upwall 
(x/L<0.35), the combustion induced pressure rise in the 
vitiated air with 7.4%H2O and 18.3%H2O was de-
creased by 7%-9% and 26%-28% respectively, com-
pared to that in clean air; as for the vitiated air with 
3.4%CO2, 7.4%CO2 and 7.4%H2O+7.7%CO2, the 
pressure rise levels are decreased by 19%-21%, 
22%-24% and 23%-27% respectively. For the pressure 
descending segment on the upwall (x/L>0.4), the meas-
ured wall pressure profiles in the vitiated air with 
3.4%CO2, 7.4%CO2 and 7.4%H2O+7.7%CO2 
show that the CO2 contaminant has a similar non-linear 
effect on combustion characteristics as H2O contami-
nant. Under the experimental conditions in this paper, 
the vitiation effects of CO2 contaminant are more sig-
nificant than H2O on the combustion characteristics. 
 
Fig. 6  Measured non-dimensional combustor wall pressure 
distributions in clean air and H2O/CO2 vitiated air  
(ER=0.42)
4.2. Numerical analysis and discussion 
The 3D simulation efforts of the hydrogen-fueled 
combustor flowpath reacting flow are completed with 
the same inflow conditions as experiments, at fuel 
equivalent ratio of ER=0.42. The simulation results are 
carefully compared with the measured pressure; 
however, the simulation could provide more detailed 
results to understand the mechanism of H2O/CO2 
vitiated air effects on combustor performance. 
Figure 7 shows the calculated wall pressure distribu-
tions in clean air, 7.4%H2O and 18.3%H2O vitiated 
air respectively, and the corresponding experimental 
measurements are also included for comparison. In 
general, the combustor wall pressure predicted by nu-
merical simulations agrees well with the experimental 
results, and the overall vitiation effects of H2O are cap-
tured. The numerical results show that, the presence of 
H2O contaminant results in the decrease of combustion 
induced pressure rise, illustrating the same tendency as 
experimental results. In the point of thermodynamics, 
the reason is mainly that the specific heat capacity of 
H2O is higher than that of N2, which causes the lower 
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combustion temperature rise and thereby lower pres-
sure rise. The comparison of specific heat capacity of 
CO2, H2O, O2 and N2 species is illustrated by Fig. 8. In 
Fig.8, cp is the specific heat and Ts the static tempera-
ture. As can be seen, the specific heat capacity of H2O 
is quite higher than that of N2. With the fuel equivalent 
ratio ER being 0.42, the calculated combustion induced 
pressure rise on the upwall (x/L <0.35)in vitiated air 
with 7.4%H2O and 18.3%H2O are approximately 
decreased by 7%-8% and 8%-9% respectively relative 
to that in clean air. It can be clearly found that, there 
still exists obvious discrepancy between the numerical 
and experimental results. 
 
Fig. 7  Calculated and experimental wall pressure distribu-
tions in clean air and H2O vitiated air (ER=0.42) 
Figure 9 shows the calculated and experimental 
combustor wall pressures in clean air, 7.4%H2O, 
7.4%CO2 and 7.4%H2O+7.7%CO2 vitiated air re-
spectively. In general, the combustor wall pressure 
predicted by numerical simulations agrees well with 
the experimental results and the overall vitiation effects 
of H2O and CO2 are captured. The numerical results 
show that, the presence of H2O and/or CO2 contami-
nants results in the decrease of combustion induced 
pressure rise, illustrating the same tendency as the ex-
perimental results. The simulations in this paper also 
reveal the same fact as experimental results that, the  
 
Fig. 8  Comparison of specific heat capacity of CO2, H2O, 
O2 and N2 species. 
 
Fig. 9  Calculated and experimental wall pressure distribu-
tions in clean air and H2O/CO2 vitiated air(ER= 
0.42) 
overall vitiation effects of CO2 contaminant are more 
significant than H2O on the hydrogen combustion 
characteristics. It can be explained that: a) at the same 
mole fraction of 7.4%, mass fraction of CO2 and H2O 
is 11.0% and 4.7% respectively, so the thermodynamic 
effect of CO2 is more significant than H2O on the com-
bustor temperature rise, despite higher specific heat 
capacity of H2O than CO2; b) CO2 is an inert species in 
chemical kinetics process, relative to high three-body 
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efficiency of H2O. Based on the same 7.4%H2O con-
tent in the vitiated air, additional 7.7%CO2 contaminant 
could augment the vitiation effects on the combustion 
process, in the form of further decrease of the combus-
tion induced pressure rise. With the fuel equivalent 
ratio of ER being 0.42, the calculated combustion in-
duced pressure-rise on the upwall (x/L<0.35)in vitiated air 
with 7.4%H2O, 7.4%CO2 and 7.4%H2O+7.7%CO2 is 
approximately decreased by 7%-8%, 9%-9.6%, 10%- 
11% respectively, compared to that in clean air. Simi-
larly, obvious discrepancy between the numerical re-
sults and experimental measurements is also found 
here.
Figure 10 shows the combustor lengthwise 1D 
mass-weighted average total temperature rise in the 
clean air and vitiated air. Figure 11 is the correspond-
ing combustion efficiency curves Kc. Here, the com-
bustion efficiency is defined as the actual heat release 
due to combustion relative to the idea heat release if all 
the H2 is converted to H2O [4]. In the case of vitiated air, 
the rise in total temperature is less than that in the case 
of clean air with ER being 0.42, because the presence 
of H2O and CO2 contaminants tends to absorb more 
heat, which results in lower total temperature rise and 
thereby lower pressure rise in the combustor, due to the 
higher specific heat capacity of H2O and CO2 than N2. 
With the H2O content increasing, the total temperature 
rise is lowered gradually, for example, the combustor 
exit total temperature in vitiated air with 7.4%H2O 
and 18.3%H2O are decreased approximately by 70 K 
and 120 K respectively relative to that in clean air; 
while there are approximately 70 K, 46 K and 100 K 
decreases for vitiated air with 7.4%H2O, 7.4%CO2 
and 7.4%H2O+7.7%CO2 respectively. On the other 
hand, it can also be illustrated from the combustion 
efficiency curves that, the presence of H2O and CO2 
reduces the local combustion efficiency of hydro-
gen-air, thereby resulting in lower total temperature 
rise. Compared to the case of clean air, the combustion 
efficiency of combustor exit in the vitiated air with 
7.4%H2O, 18.3%H2O, 7.4%CO2 and 7.4%H2O+ 
7.7%CO2 are approximately reduced by 4.8%, 9.2%, 
6.7% and 10.5% respectively. 
Figure 12 shows the 1D mass-weighted average 
Mach number distributions of combustor flowpath in 
the clean air and vitiated air. For the case of clean air, 
the flow Mach number drops to 1.0 below due to the 
intensive heat release, resulting in a subsonic combus-
tion mode. However, the presence of H2O and/or CO2 
results in an increase of Mach number in the combustor 
flowpath, which tends to be supersonic combustion 
mode, because of the less intensive combustion in the 
vitiated air. Therefore, it can be concluded that, direct 
extrapolation of the results from vitiated air to predict 
actual flight performance could result in inappropriate 
combustion mode transition. 
Figure 13 shows 1D mass-weighted total pressure 
recovery coefficient Z in the clean air and vitiated air.  
 
Fig. 10  1D mass-weighted average total temperature rise 
curves. 
 
Fig. 11  Combustion efficiency curves. 
 
Fig. 12  1D mass-weighted average Mach number curves. 
As can be seen, the total pressure recovery coefficient 
is the lowest for the case of clean air while it increases 
in the vitiated air. The reasons can be interpreted that, 
the combustion efficiency in the clean air is higher than 
that in the H2O/CO2 vitiated air, and thus the intensive 
combustion results in the more total pressure loss. 
It is also found from the numerical results that, the 
vitiation effects on flow properties in the isolator sec-
tion (x/L<0.23) are quite slight, while significant vitia-
tion effects are identified in the combustion region. 
Therefore, the scramjet combustion processes are un-
doubtedly sensitive to the composition change of in-
flow test medium. 
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Fig. 13  Total pressure recovery coefficient curves. 
In order to evaluate the vitiation effects on the com-
bustor overall performance, the internal specific thrust 
and exit combustion efficiency in the clean air and vi-
tiated air are compared in Table 1. Here, the combustor 
internal thrust is defined as streamwise component 
force of pressure and friction on the internal combustor 
wall. As seen in Table 1, the combustor specific thrust 
in the clean air is the highest, while additions of H2O 
and CO2 species result in decreasing thrust. The spe-
cific thrust in the vitiated air with 7.4%H2O, 
7.4%CO2, 18.3%H2O and 7.4%H2O+7.7%CO2 
are approximately decreased by 10.2%, 11.5%, 14.5%, 
and 17.4% respectively, relative to that in clean air. 
Table 1  Combustor specific thrust and exit combustion 
efficiency in clean air and vitiated air 
Test medium Specific thrust/N 
Combustion 
efficiency 
Clean air 278.1 0.655 3 
7.4%H2O vitiated air 249.7 0.624 5 
7.4%CO2 vitiated air  246.1 0.610 9 
18.3%H2O vitiated air 237.9 0.594 7 
7.4%H2O+ 7.7%CO2 vitiated air 229.8 0.586 1 
In general, the numerical simulations with moderate 
chemical kinetics model could represent well agree-
ment with the experimental results, illustrating the 
same tendency of H2O/CO2 vitiated air effects on hy-
drogen-fueled supersonic combustion characteristics. 
In addition, the simulations could provide the detailed 
insight into the flow physical and chemical mechanism, 
to aid the experimental analysis. However, obvious 
discrepancy still exists between the results of the two 
approaches, due to the possible uncertainties of turbu-
lence/chemistry modeling and inflow/boundary condi-
tions employed. 
5. Conclusions 
In this paper, comparative investigation of vitiation 
effects of H2O and CO2 species on hydrogen-fueled 
supersonic combustion characteristics is elaborately 
studied using the direct-connected supersonic combus-
tion facility of NWPU. The numerical approach is 
combined to aid analysis of experimental results and to 
understand the vitiation effects in detail. The conclu-
sions from the present efforts can be summarized as 
follows:  
1)The experimental results indicate that, the pres-
ence of H2O, CO2 and H2O+CO2 contaminants results 
in significant decrease of the combustion induced 
pressure rise compared to that in the clean air, depend-
ing on their content in the vitiated air. 
2)The quantitative pressure measurements show that, 
the inhibition effects of H2O and CO2 contaminant on 
combustion induced pressure rise are non-linear; under 
the experimental conditions in the studies, the vitiation 
effects of CO2 contaminant is shown to be more sig-
nificant than H2O on the combustion characteristics. 
3)The experimental results with ER being 0.53 indi-
cate that, direct extrapolation of the results from viti-
ated air to predict actual flight performance could re-
sult in over-fueling the combustor and possible inlet 
un-start. 
4)For ER=0.42, the numerical simulations agree 
well with the experimental measurements, and the 
overall vitiation effects of H2O and CO2 contaminants 
are clearly captured. The numerical results indicate that, 
the presence of H2O and CO2 contaminants results in 
lower total temperature rise and combustion efficiency, 
higher flight Mach number and total pressure recovery 
coefficient in the combustor flowpath and combustion 
mode change, relative to those in clean air. The results 
indicate that, direct extrapolation of the results from 
vitiated air to predict actual flight performance could 
result in inappropriate combustion mode transition. 
5)The calculated results of internal thrust indicate 
that, the presence of H2O/CO2 contaminants in the viti-
ated air could decrease the internal specific thrust of 
combustor, relative to that in the clean air. 
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